Abstract. This paper presents comparisons between wind measurements in the mesosphere and lower thermosphere by medium-frequency (MF) radars and by the high-resolution Doppler imager onboard the Upper Atmosphere Research Satellite (UARS). Because of distinctive observational patterns, time and space averaging, and data processing algorithms, satellites and radars observe the atmosphere from their own perspectives. Because thermal tides are an important part of dynamics in these regions of the atmosphere, tidal determinations from both techniques were given particular attention. Di erences and similarities of the two methods are discussed and analyzed.
Introduction
The mesosphere/lower thermosphere (MLT) is usually de ned as the region of the Earth's atmosphere between 50 and 120 km. In this paper we will consider two completely di erent experimental techniques used to measure winds in the MLT: (1) medium-frequency (MF) ground-based atmospheric radars and (2) the high-resolution Doppler imager (HRDI) onboard the Upper Atmosphere Research Satellite (UARS). Satellites and radars observe the atmosphere from their own perspectives due to distinctive observational patterns, time and space averaging, and data processing algorithms. Radars measure continuous time series at xed locations. They have good altitude and time resolution, but these data are only available at about a dozen locations worldwide. Satellite-based instruments have generally good altitude resolution (when viewing the atmospheric limb) and excellent spatial coverage, but their space-time measurement pattern is dictated by the spacecraft viewing geometry. In the presence of atmospheric oscillations of di erent temporal and spatial scales existing in the MLT, these methods of observation can lead to distinctive views of the same atmosphere.
MF Radars
For several decades, ground-based remote sensing has been our main source of knowledge of mesosphere/lower thermosphere dynamics. Radars have good height a n d time resolution and provide valuable information about winds in the upper atmosphere however, a striking disadvantage of this technique is lack of horizontal coverage. MF radars generally utilize the spaced antenna method. In this method a triangular array of receivers determines drift velocities of ionized irregularities that partially re ect the radar signal in the D region (50-95/100 km, depending upon time and season). Measurements are limited to the middle and upper mesosphere and lower thermosphere where weakly ionized turbulent structures can be expected to move w i t h n e utral motions due to the high collision frequencies. MF radars are relatively inexpensive to run continuously, s o that their data series are ideal for obtaining local tidal behavior.
Radars, including MF and meteor systems, have b e e n widely used for the determination of mean winds and tides and the creation of seasonal and global climatologies. Both types of systems provided mean winds for CIRA 1986 and the results were internally consistent in magnitude and directions for heights of 80-110 km at many latitudes. Comparisons with the satellite data in CIRA 1986 demonstrates good agreement below 8 0 km, but there was evidence of inadequacy in the satellite data above 8 0 k m Manson et al., 1991] . This has been addressed by Hedin et al. 1993] in the semiempirical horizontal wind model (HWM-93). Regarding tides, a summary of climatologies from meteor and MF radars with model comparisons was the focus of a special issue of the Journal of Atmospheric and Terrestrial Physics in July/August 1989. Such o b s e r v ations e.g., Manson et al., 1988 , 1987 1 9 8 9 Franke and Thorsen, 1993] demonstrated good agreement b etween radar types at similar latitudes. Models, particularly of the semidiurnal tide Forbes and Vial, 1989] , were in general agreement at midlatitudes. A recent comparison of colocated instruments, a Fabrey-Perot interferometer (FPI) and MF radar at Saskatoon, provided excellent agreement of the diurnal variation of the wind eld at 97 km over the 12 months of a climatology Phillips et al., 1994] . For these reasons, and others in the literature, the MF radar measurements being used by the community h a ve been highly regarded and widely used for dynamical studies. Comparisons with HRDI were obviously desirable and, because of the number of MF radars operating, useful for the validation process of the instrument.
In this paper we used data from six MF radars located at Urbana (40.2 N, 88.2 W), Kauai (21.3 N, 157 .9 W), Saskatoon (52.2 N, 107.1 W), Juliusruh (54.6 N, 13 .4 E), Adelaide (34.6 S, 138.5 E), and Christmas Island (2.0 N, 157.4 W).
HRDI/UARS
On September 12, 1991, the high-resolution Doppler imager (HRDI) was launched onboard the Upper Atmosphere Research Satellite. For the rst time, it became possible to obtain a global view of the MLT winds on a d a y-to-day basis. HRDI observes wind speeds in the atmosphere by measuring Doppler shifts in the emission bands of molecular oxygen. It can only measure daytime winds except at one level around 94 ( 2) km where a narrow O 2 ( 1 ) emission layer makes nighttime observations possible. In the version 8 of HRDI wind data (this version was used for the calculations presented here) the nighttime measurements corresponding to the O 2 ( 1 ) emission layer were assigned to 96 km. Subsequent studies by the HRDI team have i n d icated that these measurements better correspond to 94 km. We h a ve found that this correction leads to only minor changes in our results that do not change the conclusions of this study.
For more detailed descriptions of HRDI and UARS the reader should refer to Hays et al. 1993] and Reber et al. 1993] .
On average, HRDI takes about 500 to 700 measurements at every altitude level along the satellite track every day. HRDI preferentially views the northern or southern hemisphere in alternate months. The maximum latitude observed by HRDI is about 74 . Horizontal coverage is excellent and provides a unique opportunity to study global scale dynamical phenomena however, the local time resolution is limited because of the nature of the satellite sampling.
The spacecraft is in a nearly circular orbit at an altitude of about 585 km with an orbital inclination of 57 . A t a g i v en latitude, HRDI measurements that correspond to a particular day of observations are all taken at about the same local time except at the latitudinal extremes of the measurements. The UARS orbit precesses so that approximately 36 days of observations on both ascending and descending portions of the orbit are needed to cover all available local times. Local times of observations di er by about 20 minutes on consecutive days.
HRDI views the atmospheric limb, and hence the measured line of sight v elocity m ust be mathematically inverted to obtain velocity pro les at the tangent points of observations. To retrieve both components of the wind, HRDI views the same region of the atmosphere twice from two a p p r o ximately orthogonal directions with an 8-min time di erence. The inversion algorithm used in HRDI data processing uses a sequential estimator technique Rodgers, 1976 Rodgers, , 1990 and is described in detail by Ortland et al. 1993] . Both the limb-viewing geometry and the sequential estimator method imply signi cant a m o u n ts of horizontal and vertical smoothing in the data. The half width of the smoothing applied by the sequential estimator is of the order of 1000 km for the data presented here. There is an assumption of homogeneity of the wind eld over the 1000 km, which m a y be inappropriate when gravity wave activity is strong. The process of ne tuning the sequential estimator and the determination of the zero position of the instrument are described in detail by Burrage et al. 1993 ]. An important consequence when using the inversion algorithm is that it can amplify horizontal and vertical oscillations in the wind and may distort any systematic error in the line of sight measurements Burrage et al., 1993] . Figure 1 shows the locus of HRDI measurements in the local time versus latitude plane accumulated for a 1-month period. Each continuous segment o n t h i s p l o t corresponds to 1 day of observations. Except at the altitude of the O 2 ( 1 ) emission layer, insu cient t i m e coverage precludes the use of standard methods of analysis: e.g., the Salby t e c hnique or Fourier analysis (the Salby t e c hnique is a Fourier transform scheme modi ed for retrieving synoptic maps from asynoptic data. It is described in detail by Salby 1982a, b] ). Most of the analyses presented here were made on a monthly basis and it is important for our purposes to have enough measurements for the month.
Throughout the study we used the level 3AT HRDI data set. A level 3AT data le consists of a time-ordered collection of data records. Each record contains a single array o f d a t a v alues for a speci c time, latitude, and longitude. Height resolution of the data is 3 km in the region 60-120 km. Some examples of HRDI wind proles are shown on Figure 2 combined with radar data during UARS overpasses for several days in 1992. Dotted lines on the plot correspond to HRDI data and the thick dashed lines are radar wind pro les. The averaging interval for the radar data is 2 hours. By an "overpass " we mean an occasion when HRDI measurements were taken within 5 latitude and 5 longitude from the radar location and the time di erence between the two was 30 min or less.
When it was necessary to use regularly distributed data, gridding of HRDI data was accomplished as follows: for a certain period of time (usually 1 month), HRDI data were accumulated and binned on a regular grid in local solar time and latitude. Bins of 1 hour local solar time and 10 latitude have been used. A bin was considered empty if less than ve data points were located within it. Otherwise, a vector average of the measurements inside the bin was assigned to this bin. The resulting two-dimensional wind eld was smoothed by a 3x3 point e v enly weighted running averaging (3 hours local time x 20 latitude) at each altitude level in order to remove the small-scale noise from the data. Figure 3 gives an example of the data for May 1992. One can clearly see the tidal structure of the wind eld with the diurnal and semidiurnal tides superimposed onto a mean ow.
Results
In Figure 2 (individual wind pro les from HRDI and radars during HRDI overpasses), one can see more small-scale structures in the radar data than in the HRDI data. HRDI winds look smoother, while the radar winds (Urbana radar in particular) often show signi cant g r a vity w ave contributions. Both data reveal large-scale, wavelike v ariations representative of tidal oscillations. The HRDI data in particular are seen to have large oscillations of amplitude25-50 m/s, even at low altitudes. As was mentioned before, the half width of the smoothing imposed by the sequential estimator in HRDI data is of the order of 1000 km it can be seen from the gure that HRDI wind pro les separated by a distance of less than 1000 km look practically the same where the corresponding local time di erence is within an hour.
A common feature for all radar data is that tidal amplitudes from HRDI seem consistently larger than those from radars. This is consistent with the results of Burrage et al. this issue] where scatterplots of HRDI versus radar winds show slopes greater than 1 and hence imply that HRDI wind amplitudes are systematically larger. Figure 4 presents local solar time series of zonal and meridional velocities from HRDI and Saskatoon radar at 96 km. Although both series show clear semidiurnal tidal variations, the tides from HRDI appear larger. This is typical for all radar data that we considered above 90 km.
Tidal amplitudes from Figure 4 can be roughly estimated as one half of the di erence between the maxi-mum and the minimum values of the hourly averaged wind. Figure 5 shows estimated tidal amplitudes from HRDI and radar data computed by this method. Each symbol on the plot corresponds to 1 month and both zonal and meridional tidal amplitudes are plotted. In most cases, HRDI gives larger amplitudes.
To quantify HRDI/radar discrepancies, the monthly root mean square (RMS) di erences between HRDI and radar data for all months in 1992 are computed. The di erences are calculated by the following formula:
Radar (z)) 2 N Here, "i " designates an overpass and N is the total number of overpasses for a month.
Speci cations for data used in the formula are twofold: rst, we consider only HRDI data which are located within 5 of longitude from the radar site and, in the second case, the longitude restriction is lifted and a HRDI measurement is considered an overpass if it occurs within 30 min solar time and 5 latitude from the radar measurement. In this latter case we collect HRDI data from the whole latitude circle but at approximately the same local solar time. Hence the two pro les can be separated by several thousand kilometers in the zonal direction. Assuming that (1) migrating tides are independent of longitude and (2) migrating tides and means are the "prevailing " motions in that region of the atmosphere (i.e., assuming planetary waves and gravity waves are small), one should not see much di erence between HRDI pro les corresponding to di erent longitudes if they are within the same local time and latitude bin.
Figure 6 presents pro les of the computed RMS for the Urbana radar for every month in 1992. Solid lines and diamonds in the plot correspond to the rst case (HRDI data within 5 longitude from radar site) dashed line and asterisks present the second case (no longitude restriction). The same set of radar pro les is used when computing the RMS in both cases (for ease of computations, only radar data that correspond to HRDI overpasses are kept and therefore used in these calculations, although in principle the second case allows for more local time/longitude overpasses than we considered because these radars operate continuously). The magnitude of the RMS di erences between HRDI and all radars is about the same for both cases longitudinally colocated measurements generally show smaller RMS di erences. Moreover, the shape of the RMS pro les is practically the same regardless of the longitude of HRDI measurements. This means that (1) the HRDI winds do not show signi cant longitudinally varying gravity w ave and tidal activity and (2) there are systematic di erences between HRDI and radar data. Possible reasons for these discrepancies will be discussed in section 5.
Note that the di erence between the RMS pro les at Urbana is largest in December and January (northern hemisphere winter), exactly when the planetary wave contribution is expected to be the largest (large differences in June are most probably caused by a malfunction of HRDI solar array during this month only 1 d a y of HRDI observations is available for June 1992). The maximum RMS di erences are of the order of 40-60 m/s below 90 km which g i v es an upper limit of the amplitude of the planetary waves in the region 60-90 km. Another possible explanation for the observed differences is that during these months gravity w ave a n d tides varied signi cantly along the latitude circle.
Averaging of HRDI data with respect to local time was performed to obtain zonal and meridional monthly mean winds. The result is shown in Figure 7 for both zonal and meridional components for February 1992. Because of the fact that local solar time coverage of the data is about 8-15 hours for most latitudes, the diurnal tide will not average out completely and may dominate the obtained wind eld when the N-S mean wind is small. We expect much less contribution from the semidiurnal tide because the length of the time interval is close to the period of the tide.
For comparison, latitude-height cross sections of the mean zonal wind from HWM-93 Hed i n e t a l . , 1993] are shown in Figure 8 for February. For most cases the HRDI and model zonal winds agree, at least, qualitatively. I n s o m e m o n ths, HRDI gives larger magnitudes of the jet speeds, again consistent with HRDI giving larger winds than radars, but locations of the jet maxima and jet reversal are approximately the same in both plots. The most signi cant di erences are observed during months with small mean zonal wind speeds and relatively large tides (i.e., equinoxes), when HRDI data contain more tidal contamination. It must be noted that HWM-93 contains data from MF and meteor radars as well as rockets, and some months will be degraded by aws in some data sets for some years. The residuals of the diurnal tide are prevailing features in the meridional wind cross sections as seen from comparisons with Figure 8 . Figure 7 indicates a vertical wavelength of about 25 km in agreement with the results of Morton et al. 1993] . The periodic change of the sign of the wind, the amplitude minimum at the equator, and maximum at around 25 latitude also agree with the results of Hays et al. 1994 ]. The mean zonal wind, on the other hand, appears to be less in uenced by tides because amplitudes of the tidal oscillations are comparable to the speed of the mean ow and are partially averaged out their e ect will still be signi cant, however.
To compare radar and HRDI vertical wavelengths of the diurnal tide, we plotted series of monthly averaged wind pro les centered at consecutive local solar time bins from HRDI and radar data. A clear propagating diurnal tide is observed for the month of March at Adelaide (Figure 9 ). Minima and maxima of the pro les are marked with diamonds and asterisks, respectively. By drawing straight lines through the maxima and minima, it is possible to estimate the vertical wavelength in two w ays: rst, by estimating the vertical distance between the lines corresponding to either minima or maxima and, second, by estimating the vertical distance between the left and the right ends of the line. The rst method is more suitable for HRDI data because of its good altitude coverage, while the second works better for radar data due to its full time coverage. Approximately the same values for HRDI and radar diurnal tide are determined: 20 to 25 km.
Discussion
As can be seen from Figure 6 , the RMS di erences between HRDI and radar individual measurements are approximately 20-50 m/s on average below 90 km. Note that the HRDI and radar measurements used in computing these values are neither simultaneous nor spatially colocated. Usually, they are separated by a few hundred kilometers and the local time di erence is 10-20 min. A portion (probably not signi cant) of the RMS values is thus due to the di erences in position and time of the measurements. The HRDI data processing algorithms produce signi cant amounts of horizontal and vertical smoothing in the data. The characteristic scale of the horizontal smoothing is approximately 1000 km. This large-scale smoothing can lead to averaging out much of the gravity w aves in the HRDI data. Gravity w aves, reaching signi cant amplitudes in the mesosphere, are seen in radar data and hence can possibly explain some of the RMS di erences. Some small-scale gravity w aves can be averaged out in radar data as well, but waves with the horizontal wavelengths greater than 100 km should be seen in the data Manson, 1990] .
Tidal amplitudes from HRDI are often larger than radar-derived amplitudes by a factor of 2 above 9 0 k m . One should keep in mind that radar observations may have errors at these altitudes because of the di erences between the real and the apparent h e i g h t of observations. It is di cult to estimate the group re ection of the radar pulse at each radar location and local time and season. However, Namboothiri et al. 1993] show that at Saskatoon (52 N), summer/winter data at heights of 95-100 km will be signi cantly a ected. Data from the radar in Figure 4 may be a ected by the pulse group retardation during daylight hours Namboothiri et al., 1993] . During this month the 96-km echo is frequently close to the height of total re ection, for which group retardation of at least 5 km will occur. Thus the data will be from a range of real heights near 96 km. If there is any gradient of wind or tide, this will contaminate the time series shown in the gure.
The method of analysis applied here has very signi cant shortcomings that might g i v e rise to unrealistic tidal determinations. At a given latitude, HRDI measurements that correspond to a single day are all made at approximately the same local solar time. By collecting the data for 36 days, it is possible, in principle, to obtain a 24 hour coverage at least at an altitude of about 94 km where night time observations are available. However, if tides and mean winds are variable throughout that particular month, then winds at one local time bin might be representative of larger (or smaller) tides than winds at another local time bin. Therefore amplitudes obtained from monthly mean hourly averaged winds will not show the average amplitude for that month, but a time evolution of the wind eld over the month. Fritts and Isler 1994] show that the amplitudes of the diurnal tide at Hawaii can change signi cantly on a timescale of a week. Accordingly, i t i s quite possible that the short-term tidal variability w i l l bias our results. We h a ve attempted to account for that variability b y sampling a continuous time series of radar data at times of HRDI overpasses. By accumulating the radar data this way, t wo strictly comparable time series of wind values can be obtained. If there were no systematic di erences between HRDI and radars, one would expect to see good agreement b e t ween the two but we found that the di erences between HRDI and the sampled radar data are approximately 20-40 m/s at 96 km, again consistent with the RMS values presented here.
Another possible source of error might be the presence of nonmigrating tides of signi cant amplitude. The tidal variations were assumed to be independent o f l o ngitude in the computations presented thus far. In other words, HRDI data from the whole latitude circle was used for computing the tidal amplitudes. It is possible that tidal determinations obtained this way are not equal to these obtained at a xed location (from radar observations). We analyzed this possibility b y binning the data in latitude, local solar time, and longitude. Three consecutive months of data (January, December, and March 1992) were used to get a su cient n umber of observations in each bin. The resulting time series are presented in Figure 10 for several latitudinal bins. Di erent symbols in the plot correspond to di erent l o ngitudinal bins. All three series of data show the same sinusoidal behavior and are in phase with each other. Di erences between each t wo series are no more than 50 m/s, 30 m/s on the average. Consequently, w e c o nclude that amplitudes of the nonmigrating tides are of the same order or less.
Finally, consistent with the RMS results and sampling study, there may be some unknown errors in HRDI or/and radar data that can cause the observed discrepancies. For instance, a recent paper by Cervera a n d Reid 1994] shows that above 90 km, MF radar results at Adelaide yield smaller tidal amplitudes than the meteor method at this location. This is consistent with our ndings that tidal amplitudes from radars are smaller than those from HRDI. In the comparisons between the MF radar and the FPI at Saskatoon referenced earlier Phillips et al., 1994] , the speeds during night hours matched very well. However, hourly mean winds from the radar containing more that six values (of a maximum 12) were used to ensure the exclusion of noisy data obtained under low signal to noise conditions. Incorporation of all data lead to decreases in speed by approximately 50%. This again suggests that optimization of data selection criteria at the MF radars will likely lead to improved agreement of wind speeds between the HRDI and the radars.
Summary and Conclusions
Although HRDI MLT winds show t ypical tidal behavior, some signi cant di erences are observed between HRDI and radar data. The average RMS di erences between individual HRDI and radar measurements are of the order of 20-50 m/s below 90 km. Vertical wavelengths of the diurnal tide from HRDI observations are roughly 25 km and agree with the vertical wavelength obtained from radar data. Above 90 km, tidal amplitudes from HRDI are frequently larger then radar tidal amplitudes.
Zonal monthly mean longitudinally averaged winds from HRDI are in qualitative agreement with data from the empirical HWM-93 (HWM-93 is based on radar and rocket data accumulated for several years) considering the fact that poor local time coverage does not allow t h e complete averaging out of local solar time variations. Sometimes the HRDI gives larger jet speeds than the HWM-93. Monthly mean zonally averaged meridional winds on the other hand are signi cantly concealed by residuals of the diurnal and, to a lesser extent, the semidiurnal tide. Nonmigrating tides in the mesosphere are shown to have amplitudes of approximately 30 m/s (50 m/s maximum).
The observed di erences between HRDI and radar measurements can be possibly explained by (1) the differences in time and space averaging and distinctive o bservational patterns (2) the short-term variability o f tides, mean winds, and other motions (3) the presence of nonmigrating tides and other longitudinal irregularities and (4) possible errors in HRDI and/or MF radar data e.g., Cervera and Reid, 1994] . Root-mean-square di erences between HRDI and Urbana radar for 1992. Solid lines and diamonds correspond to the case when HRDI measurements are taken within 5 longitude, 5 latitude, and 30 min local time from radar pro le dashed lines and asterisks present the case with no longitude restriction. 
